Background: Formation of a bipolar mitotic spindle in somatic cells requires the cooperation of two assembly pathways, one based on kinetochore capture by centrosomal microtubules, the other on RanGTP-mediated microtubule organization in the vicinity of chromosomes. How RanGTP regulates kinetochore-microtubule (Kfiber) formation is not presently understood. Results: Here we identify the mitotic spindle protein HURP as a novel target of RanGTP. We show that HURP is a direct cargo of importin b and that in interphase cells, it shuttles between cytoplasm and nucleus. During mitosis, HURP localizes predominantly to kinetochore microtubules in the vicinity of chromosomes. Overexpression of importin b or RanT24N (resulting in low RanGTP) negatively regulates its spindle localization, whereas overexpression of RanQ69L (mimicking high RanGTP) enhances HURP association with the spindle. Thus, RanGTP levels control HURP localization to the mitotic spindle in vivo, a conclusion supported by the analysis of tsBN2 cells (mutant in RCC1). Upon depletion of HURP, K-fiber stabilization is impaired and chromosome congression is delayed. Nevertheless, cells eventually align their chromosomes, progress into anaphase, and exit mitosis. HURP is able to bundle microtubules and, in vitro, this function is abolished upon complex formation with importin b and regulated by Ran. These data indicate that HURP stabilizes K-fibers by virtue of its ability to bind and bundle microtubules. Conclusions: Our study identifies HURP as a novel component of the Ran-importin b-regulated spindle assembly pathway, supporting the conclusion that K-fiber formation and stabilization involves both the centrosome-dependent microtubule search and capture mechanism and the RanGTP pathway.
Introduction
One of the most important requirements for successful cell division is the capture of all chromosomes by the mitotic spindle apparatus. This complex process requires the formation of K-fibers, which consist of 20-30 microtubules (MTs) each [1] . K-fiber formation is important for chromosome congression and biorientation at a metaphase plate, as well as for chromosome separation during anaphase [2, 3] . Spindle assembly is known to involve two partially redundant pathways, one dependent on centrosomes [4] , the other on RanGTP and chromatin [5] [6] [7] [8] . How these mechanisms cooperate to form K-fibers is only just beginning to emerge [9] . In cells containing centrosomes, these promote bipolar spindle formation through the formation of radial arrays of dynamically unstable MTs that explore the cytoplasm until they are captured by kinetochores [4] . The selective stabilization of kinetochore bound MTs then favors the formation of mature K-fibers, which turn over more slowly than other spindle MTs.
The search and capture mechanism is complemented by a centrosome-independent spindle assembly pathway, which has been investigated mostly in Xenopus egg extracts [8] . In this system, spindle formation relies on MT nucleation and organization in the vicinity of chromosomes, and the small GTPase Ran was identified as a key regulator of this centrosome-independent spindle assembly pathway [6] [7] [8] . Because the GTP-exchange factor (GEF) for Ran (RCC1) is associated with chromosomes, whereas the GTPase (RanGAP) is mostly cytoplasmic, a RanGTP gradient is generated, which favors MT assembly in the vicinity of chromosomes [7, [10] [11] [12] . How exactly RanGTP regulates spindle assembly remains to be fully understood, but the RanGTP-induced release of spindle assembly factors from inhibitory complexes with the nuclear import factors importin a and b is thought to be critical. Extensive searches for RanGTP-regulated spindle assembly factors have identified Tpx2 [13] , NuMA [14, 15] , XCTK2 [16] , Xnf7 [17] , and Rae1 [18] , but the regulation of NuMA by the Ran pathway has subsequently been questioned [19] and other factors almost certainly await discovery.
The described RanGTP-importin-regulated pathway is expected to be particularly important in cells that lack centrosomes, including many animal oocytes, but recent studies provide compelling evidence that it operates also in somatic cells. Spindles can still form in vertebrate cells from which centrosomes have been removed through either microsurgery or laser ablation [20, 21] , and, similarly, spindle formation occurs in Drosophila mutants that fail to assemble functional centrosomes [22, 23] . Moreover, recent live-cell imaging studies have revealed that MT assembly at kinetochores contributes to K-fiber formation [24, 25] . These studies suggest that two partially redundant pathways cooperate in the formation of K-fibers in somatic cells.
The above studies prompt important questions as to the identity and regulation of the proteins that mediate K-fiber formation and stabilization. Here we report a functional characterization of HURP (hepatoma upregulated protein), a protein recently identified in a proteomic survey of the human spindle apparatus [26] . HURP contains a conspicuous motif of unknown function, a so-called guanylate kinase-associated protein (GKAP) *Correspondence: sillje@biochem.mpg.dehomology domain [27] , but its physiological role was hitherto unknown. Here, we show that HURP binds and bundles MTs in vitro. In vivo, HURP localizes predominantly to K-fibers in the vicinity of chromosomes and is required for K-fiber stabilization. Moreover, we identify importin b as an interaction partner of HURP and show that the nucleotide state of Ran controls HURP localization and function. We conclude that the spindle assembly pathway centered on RanGTP contributes to K-fiber stabilization and that HURP is a critical target of this pathway.
Results

HURP Localizes to Microtubules in the Vicinity of Chromosomes
HURP was originally identified as a protein upregulated in human hepatocellular carcinoma and shown to be a component of the spindle apparatus [26, 27] . To allow its functional characterization, a specific rabbit polyclonal antibody was generated against the amino-terminal half of HURP (aa 1-401) (see Figure S1A in the Supplemental Data available with this article online). Analysis of cells released from a nocodazole block showed that HURP protein levels changed during the cell cycle, being high during early mitosis and then gradually decreasing during mitotic exit ( Figure 1A ). These results are in line with a recent study showing that the F-box protein Fbx7 targets HURP for degradation [28] . Compared to its migration in SDS-PAGE in asynchronously growing (interphase) cells, HURP showed a reduced electophoretic mobility during early mitosis (Figure 1A) , presumably reflecting phosphorylation [28] . By means of high-resolution SDS-PAGE, two closely associated bands could also be identified in lysates from asynchronously growing cells ( Figure 1A ). Both bands were similarly reduced in response to siRNA-mediated depletion of HURP (data not shown), suggesting that multiple forms of HURP are present throughout the cell cycle.
To investigate the localization of endogenous HURP, indirect immunofluorescence microscopy was performed. In interphase cells, only a faint, predominantly cytoplasmic staining was observed ( Figure 1B) . However, in cells with partially condensed chromosomes, HURP localization was mostly nuclear, suggesting that HURP accumulates in the nucleus shortly before the onset of mitosis ( Figure 1B) . In mitotic cells, HURP staining became much more prominent ( Figure 1C ), in agreement with its higher abundance during M-phase ( Figure 1A) . In prometaphase cells, HURP colocalized with spindle MTs and, most strikingly, the protein was concentrated in the vicinity of mitotic chromosomes. This unequal labeling of spindle MTs was even more pronounced in metaphase and early anaphase cells, when HURP was present on MTs close to chromosomes but absent from the polar regions. During late anaphase, HURP localized to MTs directly adjacent to both sides of the segregating chromatids but was excluded from the central spindle. Finally, HURP staining gradually diminished during telophase and only weak signals could be seen around chromosomes ( Figure 1C ). The spindle localization was independent of the fixation method (data not shown), and no spindle staining was observed with preimmune IgGs ( Figure S1B ). Finally, staining of a transiently expressed myc-tagged HURP protein with antimyc (9E10) antibodies ( Figure S1C ) confirmed the localizations established for endogenous HURP. These results indicate that HURP associates with a select subset of spindle MTs and, throughout mitosis, displays a striking enrichment in the vicinity of chromosomes.
HURP Localizes Predominantly to Kinetochore Microtubules
To better understand the observed HURP localization, we costained cells with antibodies against HURP and the kinetochore marker Hec1 (Figure 2A ). In early prometaphase cells, HURP staining of MTs showed a cometlike pattern and, as revealed by higher magnification, the HURP-positive comet tails were directly adjacent to Hec1-positive kinetochores (Figure 2A, top panel) . Similarly, in metaphase and anaphase cells, HURP-positive MTs almost invariably ended at Hec1-stained kinetochores ( Figure 2A , middle and bottom). These results strongly suggest that HURP localizes predominantly to kinetochore MTs. To investigate whether normal MT dynamics were required for HURP localization, we treated cells with nocodazole or taxol (paclitaxel). At the low concentration of nocodazole used, monopolar spindles were formed and HURP still localized to MTs close to chromosomes ( Figure 2B, top) . Interestingly, occasional long MTs extending toward the cell cortex were always devoid of HURP ( Figure 2B, arrowheads) . In cells treated with taxol, spindle MTs formed multiple clusters, often at the cell periphery ( Figure 2B, bottom) . Yet, HURP remained localized predominantly in the vicinity of chromosomes, often showing comet-like staining suggestive of kinetochore-associated MTs. These observations indicate that HURP remained confined to the vicinity of chromosomes even when normal MT dynamics were disturbed, further supporting the conclusion that HURP localizes only to a subset of MTs.
HURP Is Required for Stabilization of K-Fibers
To determine the consequences of HURP depletion, two siRNA oligonucleotide duplexes targeting HURP were tested in comparison to a control (GL2) duplex [29] . As shown by Western blot analysis and immunofluorescence microscopy (Figures 3A and 3B and Figure S2A ), both siRNAs caused extensive depletion of HURP. This caused an increase in the number of cells with partly congressed chromosomes, while metaphase cells with properly aligned chromosomes became correspondingly less abundant (Figures 3B and 3C and Figure S2A ). Nevertheless, HURP depletion did not result in a mitotic arrest, as indicated by the presence of cells at later mitotic stages (data not shown). To analyze these apparent mitotic defects in more detail, live-cell imaging was performed ( Figures 3D-3F and Figure S2B ). A HeLa S3 cell line expressing a histone H2B-GFP fusion protein was subjected to a synchronization/siRNA protocol, as depicted in Figure 3D , and time-lapse immunofluorescence microscopy was initiated 8 hr after release from an aphidicolin block (Figures 3E and 3F, Figure S2B and Supplemental Movies). In control (GL2-treated) cells, the time interval between prophase and anaphase onset was about 33 min, and only 4% of cells required more than 60 min to enter anaphase ( Figure 3G ). In contrast, in HURP-depleted cells treated with siRNA-1 or -2, the mean duration of prophase to anaphase onset was 90 min (siRNA-1) or 120 min (siRNA-2), and 55% or 82% of the cells, respectively, required more than 60 min to enter anaphase ( Figure 3G ). This delay clearly indicates that HURP-depleted cells experienced problems with chromosome congression, but, eventually, virtually all cells succeeded to align their chromosomes. After anaphase onset, no obvious differences between control and HURP-depleted cells could be observed, although it is difficult to exclude occasional chromosome segregation defects. Altogether, these results show that depletion of HURP substantially delayed chromosome alignment but did not ultimately prevent completion of mitosis.
To determine whether the observed chromosome congression defect was related to the integrity of K-fibers, cells were subjected to cold treatment. Under such conditions, K-fibers remain relatively stable whereas most other MTs depolymerize [30] . In HeLa S3 cells exposed to the control duplex (GL2), cold treatment for 20 min resulted in a disappearance of most MTs, except for K-fibers and central spindle/midbody MT bundles, as expected ( Figure 4A, top) . In contrast, no cold-resistant K-fibers could be observed in HURPdepleted metaphase cells, and only centrosomal tubulin remained ( Figure 4A, bottom) . Central spindle/midbody MTs in anaphase cells were nearly as stable in HURPdepleted cells as in control cells ( Figure 4A ). Similar results were obtained with HURP siRNA-2, attesting to their specificity ( Figure S3 ). These data indicate that HURP is involved in the formation and/or stabilization of K-fibers, but not of other MT bundles, in agreement with its specific localization.
We next asked whether overexpression of HURP would lead to MT stabilization at ectopic sites. Indeed, when myc-tagged HURP was expressed to sufficiently high levels, this resulted in the formation of cold-resistant MT bundles even in interphase HeLa S3 cells ( Figure 4B ). The fact that overexpressed HURP is able to stabilize MTs also in interphase cells suggests that levels of functional HURP protein must be tightly controlled during the cell cycle.
HURP Binds, Bundles, and Stabilizes Microtubules In Vitro
Having uncovered a function of HURP in MT stabilization in vivo, we next asked whether HURP could directly bind to MTs in vitro. To this end, human HURP was expressed from a baculovirus in Sf9 insect cells. Purified (B) HeLa S3 cells were grown on coverslips and either treated with a low dose of nocodazole (40 ng/ml) (top) or with taxol (1 mg/ml) (bottom) for 12 hr, before fixation and permeabilization with PTEMF. Cells were stained with anti-HURP antibody (red) and anti-a-tubulin antibody (green), and DNA was stained with DAPI (blue). Arrowheads indicate long astral MTs that are devoid of HURP. Scale bars equal 10 mm. (D) Schematic depiction of the synchronization/siRNA protocol used for live-cell imaging. After release from a G1/S phase aphidicolin block, HeLa S3 cells stably expressing histone H2B-GFP were treated with control (GL2) or HURP siRNAs. 10 hr after the release, a second aphidicolin block was imposed for 14 hr, and 8 hr after a second release, time-lapse immunofluorescence microscopy was started. Pictures were taken at 2 min intervals. (E) Selected images show H2B-GFP stained chromosomes of a control (GL2) treated cell progressing through mitosis (188 cells analyzed). t = 0 was defined as the time point at which chromosome condensation became evident. (F) As in (E), except that cells were treated with HURP siRNA-1 (201 cells analyzed).
(G) The duration of prophase to anaphase onset was calculated from time-lapse movies of control (GL2) and HURP siRNA-treated cells, as described in (E) and (F). t = 0 was defined as in (E) (onset of chromosome condensation) and anaphase onset was defined as the last frame at which chromosome segregation had not yet occurred. Histogram shows the percentages of mitotic cells that had progressed from prophase to anaphase onset within 60 min, within 60-120 min, within 120-240 min, and those that had required more than 240 min. Scale bars equal 10 mm.
recombinant HURP was then incubated with or without taxol-stabilized MTs and centrifuged through a glycerol cushion ( Figure 5A, top) . In the presence of MTs, most of the recombinant HURP was recovered in the pellet fraction, whereas the protein was soluble in the absence of MTs. BSA, analyzed under identical conditions, (A) Purified recombinant HURP was mixed with in vitro produced microtubules (+MTs), or as a control with buffer (2MTs). Subsequently, these samples were spun through a glycerol cushion and the supernatant (sup), and pellet fractions were then analyzed for the presence of HURP by Coomassie blue staining of SDS-PAGE gels (top). In parallel, the same experiment was performed with BSA, instead of HURP (bottom). (B) MTs were produced in vitro with rhodamine-labeled tubulin. These MTs were then incubated with buffer (only), BSA, and recombinant HURP, respectively. Immunofluorescence microscopy was carried out, either after 5 min incubation at RT (top), or after 5 min incubation at RT followed by 16 hr incubation at 4ºC (bottom). Scale bar equals 10 mm. remained in the soluble fraction both in the presence and absence of MTs ( Figure 5A , bottom). Next we asked whether purified HURP would be able to bundle and stabilize MTs in vitro. Specifically, we analyzed rhodaminelabeled MTs, which in the absence of any added protein appeared as faintly stained fibers under the immunofluorescence microscope ( Figure 5B ). Addition of BSA to these MTs had no effect on their appearance, but addition of HURP rapidly resulted in a strong bundling (Figure 5B, top) . These HURP-induced MT bundles were highly stable and resisted even prolonged (16 hr) cold treatment, whereas only amorphous material could be observed in cold-treated control samples ( Figure 5B , bottom). These results indicate that HURP is able to bind, bundle, and stabilize MTs in vitro.
HURP Interacts with Importin b and Shuttles between the Cytoplasm and Nucleus
To explore the mechanisms underlying HURP localization and/or function, we searched for interacting proteins. As a first approach, coimmunoprecipitation experiments were performed on mitotic HeLa S3 cells by means of the HURP antibody and preimmune IgG as a negative control. Immunoprecipitated proteins were separated by SDS-PAGE and visualized by Coomassie blue staining. Two prominent proteins migrating at about 100 and 90 kDa were observed only in the anti-HURP immunoprecipitates ( Figure 6A ). Mass spectrometry identified these proteins as HURP and the nuclear import factor importin b, respectively ( Figure S4 ). Importin b was also readily detected in anti-myc immunoprecipitates from cells expressing myc-tagged HURP, ruling out antibody crossreactivity ( Figure S5 ). In a second approach, we also searched for HURP-interacting proteins with a N-terminal HURP fragment (aa 1-550) in a yeast two-hybrid screen. As illustrated by a representative two-hybrid interaction ( Figure 6B ), this screen yielded different cDNA clones encoding C-terminal fragments of human importin b. Together, these data demonstrate that HURP interacts with the nuclear import factor importin b.
Since the low amounts of HURP present in interphase cells were located primarily in the cytoplasm of both HeLa S3 and COS-7 cells, we suspected that HURP might shuttle between the cytoplasm and the nucleus. To test this idea, cells were transfected with myc-tagged full-length HURP, as well as N-and C-terminal fragments, and then treated with leptomycin B (LMB), a drug that inhibits nuclear export via irreversible binding to the nuclear export factor Crm1 [31] . Whereas full-length myc-tagged HURP was predominantly cytoplasmic in untreated cells, it clearly accumulated in the nucleus after LMB treatment ( Figure 6C ). The N-terminal fragment of HURP localized to the nucleus already in the absence of LMB, whereas the C-terminal fragment (201-846) localized to the cytoplasm even in the presence of LMB ( Figure 6C ). This strongly suggests that HURP contains a nuclear localization signal (NLS) in the N-terminal domain and a nuclear exclusion signal (NES) in the C-terminal domain. In support of this conclusion, coimmunoprecipitation experiments showed that importin b bound only to full-length HURP and the N-terminal fragment, but not to the C-terminal domain ( Figure 6D) . Interestingly, importin a could not be detected in any of these immunoprecipitates ( Figure 6D ), indicating that HURP binds directly to importin b. Together, these results indicate that Ran-regulated importin b transports HURP to the interphase nucleus through binding of an N-terminal NLS, but that HURP is also rapidly exported from the nucleus through a C-terminal NES, so that its steady-state distribution reflects the balance of import and export activities.
Importin b Regulates the Mitotic Spindle Localization and Function of HURP
The interaction between HURP and importin b raised the intriguing possibility that the RanGTP pathway could regulate the function of HURP. To explore this hypothesis, myc-tagged HURP-importin b complexes were immunoprecipitated from cells and incubated with either recombinant RanQ69L, a Ran mutant locked in the GTP bound state that is known to displace cargo from importin b [32] [33] [34] , or with RanT24N, a nucleotide-free Ran mutant [34, 35] . As shown in Figure 7A , incubation with RanQ69L prompted the release of importin b from myc-HURP, whereas the complex remained stable in the presence of RanT24N. Thus, the nucleotide state of Ran regulates the HURP-importin b interaction. We also asked whether importin b could regulate the MT bundling activity of HURP. Rhodamine-labeled MTs were incubated either with HURP only or with HURP together with an excess of importin b. Strikingly, the addition of importin b completely prevented the bundling of MTs by HURP ( Figure 7B ). Such an inhibition was not observed upon addition of a similar amount of importin a, indicating that it was specific for importin b ( Figure 7B ). The inhibitory action of importin b could be abolished by the addition of RanQ69L but not RanT24N ( Figure 7B ). Taken together, these data demonstrate that the Ranimportin b pathway can regulate the MT bundling function of HURP.
Finally, two types of experiments were carried out to demonstrate a critical role for the Ran-importin b pathway in the regulation of HURP in vivo. First, we analyzed the localization of HURP in COS-7 cells after transient transfection of myc-tagged importin b or mutant Ran proteins. Transfected cells entered mitosis with bipolar spindles, indicating that interference with interphase nuclear transport was not a concern over the time course of these experiments. HURP association with the mitotic spindle was strongly diminished in the presence of excess myc-importin b (Figure 8A ), indicating that importin b negatively regulates HURP interaction with the spindle. Furthermore, the spindle association of HURP was strongly diminished upon overexpression of mycRanT24N, which acts as an inhibitor of RCC1 [34] , but enhanced when RanQ69L was overexpressed (Figure 8A ). Under these latter conditions, HURP also localized to the spindle poles, confirming that the precise localization of HURP is sensitive to RanGTP levels.
In a second, complementary experiment, we examined HURP localization in tsBN2 cells. These cells harbor a temperature-sensitive RCC1 protein (the sole GEF for Ran), so that their incubation at the restrictive temperature (39ºC-40ºC) results in rapid proteolysis of RCC1 [36] . Upon incubation of these cells at the restrictive temperature, HURP association with the spindle diminished progressively and was clearly decreased by 4 hr (Figure 8B ). Taken together, these results demonstrate that the Ran-importin b pathway controls HURP localization to the mitotic spindle in vivo.
Discussion
Bipolar spindle formation critically depends on the formation of K-fibers. In somatic cells, this process is thought to involve at least two partially redundant pathways, one based on centrosomes, the other based on RanGTP production in the vicinity of chromosomes [9] . Here we describe the identification and initial characterization of HURP as a novel target of the spindle assembly pathway controlled by Ran-importin. We identify importin b as an interaction partner of HURP by both coimmunoprecipitation/mass spectrometry and by yeast two-hybrid screens, and we show that the nucleotide state of Ran regulates the spindle localization of HURP in vivo. We found that HURP interacts with microtubules and displays strong microtubule bundling activity and that depletion of HURP destabilizes K-fibers and delays chromosome congression. Collectively, our data indicate that the regulation of HURP by Ran-importin b contributes to K-fiber stabilization.
HURP binds directly to importin b, a property shared with Rae1 [18] . In contrast, TPX2, NuMA, XCTK2, and Xnf7 interact with importin a [13] [14] [15] [16] [17] . Also, HURP localizes to kinetochore MTs and shows a striking enrichment in the close vicinity of chromosomes, whereas other RanGTP-responsive spindle assembly factors localize mostly toward the proximity of spindle poles [17, 18, 37, 38] . HURP still concentrated in the proximity of chromosomes when normal MT dynamics were altered by taxol or low doses of nocodazole, suggesting that MT flux is not a prime determinant for its localization. Most importantly, generation of low RanGTP levels, either by overexpression of RanT24N or by inactivation of RCC1 in the tsBN2 cell line, diminished HURP localization to spindles, as did overexpression of importin b. Conversely, high RanGTP levels, mimicked by overexpression of RanQ69L, resulted in enhanced spindle localization of HURP. Moreover, in the presence of RanQ69L, HURP could also be seen at spindle poles, indicating that the exact localization of HURP is exquisitely sensitive to RanGTP levels. Recent studies have argued for the existence of RanGTP gradients not only in eggs but also in somatic cells [10, 12] . Therefore, depending on the steepness of this gradient and the concentration of RanGTP required to dissociate a HURPimportin b complex, this gradient might restrict the localization of HURP to the proximity of chromosomes. If so, HURP could be an excellent marker to monitor RanGTP levels and gradients in mitotic cells. Other, not mutually exclusive, mechanisms may also contribute to determine the localization of HURP. In particular, it is possible that MT-dependent motor activities could dynamically restrict the distribution of HURP. Alternatively, HURP localization could be determined by the asymmetric distribution of a specific MT-associated protein and/or the activities of kinases and phosphatases. HURP has been reported to be phosphorylated by Aurora-A, at least in vitro [39] , and given the concentration of Aurora-A on poleward spindle MTs [40, 41] , it is possible that phosphorylation by this kinase displaces HURP from the spindle poles.
Upon siRNA-mediated reduction of HURP levels, a delay in chromosome congression was observed, but cells still progressed through mitosis, indicating that kinetochore-MT interactions were not abolished. Although it would be premature to exclude that a complete (genetic) knock-out of HURP might reveal a more severe phenotype, the most obvious consequence of siRNAmediated depletion of HURP concerned the stability of K-fibers. In particular, K-fibers in HURP-depleted cells showed a striking sensitivity to cold-induced depolymerization. This might contribute to explain the previous observation that K-fibers are less stable in tsBN2 cells at the restrictive temperature [42] , but it is clear that other factors, including the RanBP2/Nup358-RanGAP complex, also contribute to K-fiber stabilization [42, 43] . Together with the ability of HURP to bind and bundle MTs in vitro, our data suggest that the primary function of HURP is to promote spindle formation through stabilization of K-fibers. Interestingly, antiparallel MT bundles, notably those in the central spindle, were not affected by the absence of HURP. This indicates that HURP functions primarily to stabilize parallel MTs.
As shown here and by others [28] , HURP abundance is tightly regulated during the cell cycle. Thus, it is plausible that the amounts of HURP protein present in the cytoplasm in interphase cells are sufficiently low to prevent its action on MTs. In support of this view, endogenous HURP did not detectably bundle MTs during interphase of the cell cycle, although bundling could be induced by overexpression of HURP. Our data also show that the steady-state distribution of HURP is determined by continuous shuttling between cytoplasm and nucleus. Thus, it would be premature to exclude an interphase function for HURP.
In conclusion, we have characterized HURP, a novel spindle assembly factor regulated by the Ran-importin b pathway. Most strikingly, the spindle localization of HURP is sensitive to the levels of importin b and RanGTP, and HURP function appears to be confined to the vicinity of chromosomes, the primary site of RanGTP production. Specifically, we show that HURP directly binds to MTs and selectively bundles K-fibers. These data strengthen the emerging view that K-fiber formation depends not only on the classical searchand-capture mechanism, but also involves a RanGTPregulated pathway operating in the vicinity of chromatin.
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